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ABSTRACT

Traction drives are among the simplest of
all speed changing mechanisms, Although they
have been in industrial use for more than
&0 years, their operating characteristics and
performance capabilities are not widely known,
This paper briefly traces their technical evo-
lution from early uses as main transmissions
in automobiles at the turn of the century to
modern, high-powered traction drives capable of
transmitting hundreds of horsepower. Recent
advances in technology are described which
enable today's iraction drive to be a serious
candidate for off-highway vehicles and heli-
copter applications. Improvements in mate-
rials, traction fluids, desiqn techniaues,
power loss and life prediction methods will be
highlighted, Performance characteristics of
the Nasvytis fixed-ratio drive are given,
Promising future drive applications, such as
helicopter main transmissions and servo-control
positioning mechanisms are also addressed.

FRICTION WHEELS OF UNEQUAL DIAMETER were one of
the earliest speed changing mechanisms. It is
speculated that their use even predates that of
gearing “toothed" wheels, whose beginnings date
ack to the time of Archimedes, circa 250 8.C.
1)}, €ven today, friction drives may be found
n eauipment where a simple and economical
soliinn te speed requlation is reauired.
Phenograon drives, self-propelled lawnmovers,
or even the amusement park ride driven by a
rubber tire are a few of the more common
examples. [In these examples, simple dry con-

T T ¥Numbers in parentheses designate refer-
ences at end of paper.

tact is fnvolved and the transmitted power
Tevels are low, However, this same principle
can be harnessed in the construction of an oil-
Tubricated, all steel! component transmission
which ¢an carryhundreds f horsepower using
today's technology. In fact, oil-lubricated
traction drives have been in industrial service
as speed regulators for more than 50 years,
Despite this, the concept of transmitting power
via traction is not widely known or understood,

Although traction drives have been avail-
able for some time (2-6) it is perhaps since
the mid 1960's or so that they have been con-
sidered serious competitors to conventional
mechanical power transmissions, The earlier
drives, particularly those targeted for automo-
tive applications, had their share of dura-
bility prcblems above nominal power levels,

As a conseauence, relatively few succeeded in
the market place. The underlying reason for
whis was that certain critical pieces of tech-
noluqy were generally lacking, Designs were
based cn mostly trial and error, No uniform
fatlure theories were available to establish
service 1ife or reliability ratings, The drive
materials of the day were crude by today's
standards, In short, traction drives were in
their technical infancy.

Prompted by the research for more effi-
cient automotive transmissions and bolstered by
advancements made in rolling-element bearing
technology, ir:erest in traction drives has
been renewed., Today's analytical tools, mate-
rials, and traction fluids are far superior to
tho' 2 available prior to the 1970s. This has
led to the re-emergence of tractiun drives und
the technology related to their design,

It is the intent of this review to discuss
the basic principles of these traction drives
and to trace the evolution of their tech~glogy,
in a Vimited sense, from their early develop-
ment to the efforts underway today.
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EARLY APPLICATIONS

One of the earliest known examples of a
friction* drive is that patented by C. W. Hunt
in 1877 appearing in Fig, 1 (6). The Huat
drive had a single, spoked transfer wheel that
was probably covered with leather running
against a pair of toroidally shaped metal disks.
Judging by the pulley flanges attached to the
toroidal disks, the drive was intended to regu-
late the speed of belt-driven machinery such as
that commonly found in factories at the turn of
the century,

A similar drive was devised by W. D.
Hoffman as shown in an 1899 British patent
application (7) (Fig. 2). The toroidal drive
arrangement apparently found great favor with
traction drive designers through the years,
Work continues on this configuration even today,
more than 80 years later.

Friction drives also found use on several
types of wood-working machinery dating back
before the 1870's, For example, Appleton's
Cyclopedia of Applied Mechanics (8), published
in 1880, reports of frictional gearing being
used to regulate the feed rate of wood on
machines in which one wheel was made of iron
and the other, typically the driver, of wood
or iron coverad with wood. For driving light
machinery, wooden wheels of basswood, cotton-
wood, or even white pine reportedly gave good
resylts, For heavy work, where from 30 to
45 kW was transmitted by simple contact, soft
maple was preferred.

AUTOMOTIVE SERVICE -~ It was not until the
introduction of the horseless carriage at the
end of the 19th century that the goal of devel-
opfn? a continuously variable transmission
(CVT} for a car sparked considerable friction
drive activity. Mechanical ratchet, hydraulic,
and electro-mechanical drives were all tried,
but drives relying on friction, because of
their simplicity, were the first automobile
transmissions to provide infinite ratio selec-
tion. The earliest of these was the rubber
V-belt drives that appeared on the 1886 Benz
and Daimier cars, the first mass-produced
gasoline-engira—powered vehicles. Friction
disi drives were used as reqular equipment on a
nurber of early motor cars, such as the Lambert
as {llustrated in a 1907 advertisement (9)
(Fig. 3). Others includcd the 1906 Cartercar,
1909 Sears Motor Buggy, and 1914 Metz Speedster.

*The term *"friction drive" §s normally used
to refer to a drive that is nonlubricated while
"traction drive" refers to one with ofl-wetted
components, The friction terminology may have
evolved from the fact that these drives inten-
tionally use at least one roller that was
covered with a high friction material such as
leather, rudbber, fiber or even wood, This not
withstanding, the term “friction* is somewhat
of a8 misnomer since it {s sti11 the traction
force responsible for positive motion of the
driven element,
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The Cartercar had an extre:2ly simple
friction drive consisting of a metal disk,
driven by the enqine crankshaft, in friction
contact with a large, fiber-covered spoked wheel
mounted on a transverse countershaft. To vary
speed ratio, a driver operated lever was used
to radially position the output follower wheel
across the face of the metal disk - turntable
fashion, The smoothness and ease of operation
of the Cartercar transmission made it quite
popular, It is not well-known that Mr. W. C.
Durant, founder and first president of General
Motors Company, acauired the Cartercar Company
in 1908 because of his expectation that fric-
tion drives would soon be universally used in
automobiles (10,11). In 1910, the Cartercar
Company even produced a Model "T" truck,
equipped with their friction drive. ODespite
its catchy slogan, "No clutch to slip - no
gears to strip ... a thousand silent speeds and
only one control lever, that's a Cartercar",
tne Cartercar Company's commercial success was
shortlived.
From 1909 until 1912, Sears marketed a
two-cylinder, 14-horsepower “Motor Buggy", also
eauipped with a friction drive (12)., “Absolute
simplicity, its positiveness under the most
severe conditions and its unequalled flexi-
bility", boasted one of the Sear's ads.
However, by about 1915, cars equipped with
friction drives had virtually disappeared (12),
presumably due, in part, to the need to fre-
quently renew the friction material
Despite the 1imited success of these
earljer attempts, the goal of dec- ,1ing and
automotive transmission that smco.hly and auto-
matically shifted was not lost. In the late
1920s the Buick Division of General Motors was
afven the task of developing a continuously
variable, oil-lubricated, steel-on-steel trac-
tion drive. This transmission was similar in
design to the Haves double toroidal traction
drive, patented in 1929, The Hayes Self-
Selector Transmission (13), although orginally
developed in the United States, was later
offered as an option on the 1935 British Austin
Sixteen (14),
The General Motors toroidal drive, later
called the toric transmission, is f1lustrated
in Fig. 4, The geometry of the drive is re-
markably similar to the 1877 Hunt drive, with
the addition of a second toroidal cavity and a
ball differential to balance loading between
the two cavities. An extensive test program
was cond.cted on this drive, Seventeen road-
test vehicles equipped with the toric drive
accumulated over 300,000 miles of road testing
(11). A 20-percent improvement in highway fue)
mileage was reported. In 1932, General Motors @
decided to produce this type of transmission
(10). However, no cars equipped with the toric
drive were ever sold to the public. The rea-
sons for halting production were never really
made clear. Some say that there were un-
resolved discrepencies in service 1ife data
obtained during road tests and that obtained
from laboratory bench testers., Others belfeve
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that the avatlability of preamium auatity hear
tng <teel, needed in Targe amounts to make cach
drive, was <imply not great enough at the time
to meet eaped ted product fon reauirements,  What
ever the reasons, Alfred P, Stoan, e, then
precident of General Motors, turned the trans
miscian down fore product fon in the belief that
1t would <tmply he too expencive to make (10),
Gereral Motor's New Departure Bearing

Myvision produced an industrial counterpart to
the toric drive, Ry 1938 when product fon was
Nalted, over 1800 unite of the “Trancitoroue®

tract ton CVT had heen marketed (1), The drive's

decign i< credited to Richard 1, Erban, an early
tract fon-drive pioacer, who hriefly worked for
General Motorg during thic perind (?\.

In Mnglamd, aftor several years of ana.
Ty2ing the Haves Self Seloactor deive, Perbury
tngineering, Ltd,, retrofitted a modifind,
sorapped Haves transmisston (nto Hadiman Miny
cedan in 1988 (14Y,  tuel cavings were reported
to be 0 to M5 percent dut the concept really
never caught on with any of the <everal dozen
compantes ar <o that had axpressed inftiad
interest tn the drive (14),

n the lintted Statec in 1980, Charlec
Araus Inctalled A madified vercion of a torotdal
(VT fato an American Motoare Nash Rambler (M),
This unit had & sent-teroidal roller geometry
similar to that patented in 193 hy Jacoh Arter
for industrial <ervice, The Arter drive i<
<t11) commercially produced tn Switzerland, In
1973, Tractor, Inc. demonstrated a Ford Pinto
eauipped with an tmproved vercion of the hraus
drive Tubricated with Moncanta's then new trac-
tion flutd, AYthough operationatl characterts-
tick were octabliched, expected fuel economy
improvements were larqgely neqated by the hy-
drautic losces in the thrust dearings uted to
clamp the tornide tagether (18, Mare recent
torodial drive decigns partially overcame thic
problem by mounting twn toraida) drive cavities
dack-to-bact along a common shaft, thereby
elimtnating these troublesome thrust bearings.

INDUSTRIAL SERVICE - Starting with the
187? Hunt drive, adjustable-spesd traction
drives have been in industrial service for mare
than 100 vears. The dulk of these drives has
heen perfarming a speed matching function for
light-duty equipment, such as drt)l presses,

A sample of representative traction drive
configurations appears in Fig, 8. According
to Carson's 19725 article (16), mare than 100
United States patents on adjustable-speed trac-
tion drives are on file. Out of these, perhaps
a doren or so basic qeometries are in produc-
tion, Of those commercially availadle, fow are
rated at qreater than 10 k. power capacity, An
early review of the basic types of adjustable-
speed traction drives can be found in (17),
Reference 18 qives descriptive information on
24 types of vartable speed traction drives that
wore commercially availadle in 1961,

Applications for modern traction drives are
machinery to conveyor and pump drives, ific
applications can be found in (2-4, 16, 17},

aquite diverse ranqing from machine too\tgg::nt!lo

RASTC PRINCIPLES OF OPFRATION

FEATURES - Traction drives can be con-
structed to give a single, fixed-spoeod ratio,
VTike a gearhox or, unlike a gearbox, a speed
ratio that can be continuously varied by using
come means to shift or tilt rollers so they
engage at different rolling radii, This latter
arrangement i of extreme interest to drive
train conf fgurators since 1t provides them with
an pecent 18l ly “infinite® number of shift
points to optimize the performance of their
drive system,

Recause power transfer occurs hetween
smooth rolling-bodies, qenerally across a thin,
tenacious Yubricant £1im, traction drives
poitess certain performance characteristics not
found in other power transmissions, Traction
drives can be designed to smoothly and contin-
ik Ty vary the speed ratio with efficiencies
approaching those of the best gear drives,
IInlike transmiscions with qear teeth, which,
aven when perfectly machined, qenerate tor-
sfonal oscillat ‘onc as the load transfers
hetween teoth, power transfer through traction
1< inherentlv smooth and quiet without any
“dachtash®, A lydbricant film trapped hetween
the rollars, tends to protect against wear and
to dampen torsional vibrations, The operating
speed of some traction drives s timited only
hy the burst strength of the roller matertal
and the available traction in the contact.

In many cases, traction drives can be destigned
to be as snal‘ as or smaller than their
nontract ion-drive counterparts, When manu-
factured tn cufficient ouantity, costs can also
be auite competitive hecause of the similari-
ties 1n manufacturing traction drive components
and ordinary mass-produced dall and roller
hoarings,

TRACTION PONER TRANSFER - A basic under-
rtanding of how power ts transferred detween
traction.drive rollers is helpful in reviewing
the contributions made in this area, Figure &
shows & simple, lubricated, roller patr in
traction contact, A sufficiently large normal
toad N s imposed on the rollers to transmit
the tanqential traction force T, The amount
of norma! load required to transmit a given
traction force without destructive qross slip
is dictated by the available traction coeffi-
clont, yu, which is the ratfoof T to N,
Since contact fatigue life {3 inverse y related
to the third power of normal load, it {l o®-
tremely desirable to make use of ludricants
that produce high values of u. The search for
lubricants having high traction capabilities
wil) de discussed later.

The rollers, as tllustrated in the en-
larged view of the contact appearing in Fig. 6,
are not in direct contact but are, in fact,
separated by a hghly compressed, extremely
thin lubricant fiim, Because of the presence
of high pressures in the contact, the lwdrica-
tion process {3 accompanied by some elastic
deformation of the contact surface., Accord-
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inqly, this process {s referred to as elasto-
hydrodynamic (EHD) lubrication,

Thi< phenomenon, also occurs for other
ofl-lubricated, rolling-element machine ¢ "a-
ments such as bearings and gears. The import-
ance of the FHD film in traction contacts lies
in ite ability to reduce and/or eliminate wear
while aciing as the principal toraue trans-
ferring medium,

TRACTION CIRVE -~ The tribological proper-
ties of the lubricant in the contact, particu-
larly its traction characteristics, are
fundamenta) to the design of traction drives.
Fiqure 7 shows a typical traction-versus-stip
curve for a traction fluid. This type of curve
is typically qenerated with a twin-disk trac-
tion tester. Imposing a traction force across
a lubricated disk contact which ts rotating at
an average surface velocity U qives rise td a
differential velacity all, sometimes referred
‘0 as “creep”. Three distinct reqgions can
~enerally be identified on a traction curve,

{n the )linear reqion the traction coefficient
increasss linearly with slip, In the non-
Newtonian regions it increases in & nonlinear
fashion, reaches a maximum, and then begins to
decrease, Finally, the curve shows a qradual
decay with slip in the thermal reqion due to
tnternal heating within the ofl film, It {s
the linear reqion of the traction curve that is
cf the greatest interest to traction-drive de-
signers. The desiqn traction coefficient,
which dictates how much normal load ts needed
to transmit a given traction force, is always
chosen to be less than (by, qenerally, 20 to

30 percent) the peak availabdle traction coeffi-
cient to provide a safety marqgin against slip,
Traction drives are qenerally eaquipped with a
torque-sensitive loading mechanism that adjusts
the norms! contact load in proportion to the
transmitted torque. Such mechanisms insure
that the contact will always have sufficient
load to prevent slip without needlessly over-
loading the contact under 1ight loads.

ADVANCEMENTS IN TECHNOLOGY

Traction drive technology made relatively
little progress for the first half of this cen-
tury except for the occasional introduction of
a new geometric variation, Dosl?ns were large-
\y predicated on laboratory or field experience
and vnr{ 11ttle of this information was re-
ported in the open technica! )iterature,

Because of the great simtlarity in the
contact operating condition, traction-drive
tcchno\o?y benefited greatly from the wave of
technical advancements made for rolling-element
bearings. Major advancements in bearing design
occurred in the late 1940s with Grudin's work
in elastohydrodynemic 1'brication (19) and
Lundberg-Palmgren's analysis of rolling-element
fatigue 1ife (20). In fact, the lubrication
principles, operating conditions, and fatlure
wmechanisms of traction-drive contacts and bear-
ing contacts are so similar that the design
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fundamentals are virtually interchangeadle.
The same may he said for qear contact design
criteria as well,

In view of the durability shortcomings of
earlier traction drives, much of the recent
research has centered on improving the power
capacity and reltability of these devices with-
out sacrificing thetr tnherent simplicity or
high mechanical efficiency. Although work has
heen performed on many fronts, research efforts
to date can be loosely cateqorized under one of
several areas: (1) modeling the tractive de-
havior of the lubricant within the contact and
its attendant power losses; (?) predicting the
usef.u) toraue that can be passed between
rollers without surface distress or that asmount
correasponding to a qiven fatique tife; (3)
determining and improving the durability char-
actertstics of traction-drive materials, pri-
marily hearing-qrade steels; (4) developing
lubricants that produce higher traction forces
in the contact without sacrificing conventional
Tubricant qualities; and (5) developing drive
arrangements that maximize durability, torque
capacity, and ratio capability and minimize
size, weight, power loss and complexity.

CAPACITY - The earliest traction drives
qenerally used leather, wood, rudber, or fiber
covered friction wheels running agdinst metal
disks, As these soft friction materials caod.
they lost flexibility and wore rapidly, The
driving surfaces generally had to be renewed or
replaced at frequent intervals, depending on
the rate of usage. Despite this, friction
drives found use in early steam tractors, fac-
tory machininery, wood-working tools, and in
severa) vintage cars, These simple, smooth,
Tow-cost speed changers are still in use today
for Vight-duty applications ranging from hand
tools, washing machines, and record players to
amusement park rides and cement mixers. In
these modern drives more durable rubber and
reinforced plastic materials have been sud-
stituted for the lcather and fiber wheels of
yesteryear. However, the thermal capacity and
wear characteristics of these softer materials
stil) basically set the useful power capacity
of this ~lass of transmission, For applica-
tions n _.ing a low-cost speed changer,
adjustable-speed friction drives are good
choices.

0t1-lubricated traction drives having
hardenes steel roller contacts ared in the
early 19205, Carson (6) credits Erban in
Austria with the development of the first
meta)-to-metal, ofl-lubricated drive in 1922,
The 1923 Arter drive {s another example, The
presence of hardened stee) rollers in these
drives significantly increased the allowadle
operating contact stresses. The purpote of the
of! was to protect the contact surfaces from
wedr while providing cooling, However, the
relatively low coefficient of traction of the
ofl meant that these drives had to carry un-
usually high-contact loads to fnhidit slip.

High Yoading generally leads to sarly pitting,
unless the toraue rating of the drive was

Loewenthal, Anderson, and Rown

— e ——

-



Ko ok an aeis o wintatre s giima 4

VR

o e 4w t—————eie e o 4

ORIGINAL PAGE IS
OF POOR QUALITY

appropriately restricted. Even though the
early traction drives tended to be bulky, their
relatively high efficiency and smoothness of
operation still made them attractive for many
applications,

FATIGUE LIFE - In the past traction drives
were basically sized for some allowable Hertz
(contact) stress in the contact zone based on
experience, No concerted effort had been made
to size traction drives for a certain fatique
life such as the way ball and roller bearings
are sized. Hence, while most of the drives
shown in Fig. 5 may function well under some
conditions, reliability characteristics are
generally not well defined. Their expected
service lives have not been determined in a
manner to allow for comparisons between differ-
ent types of drives or to predict the effect
that widely varying operating conditions might
have on fatigue life.

The first modern apnroach to determining
the durability characteristics of traction
drives was that published by Coy, Loewenthal
and Zaretsky in 1976 (2i). Their analysis made
use of the fact that the materials, operating
stresses, lubrication conditions and failure
mechanisms, namely rolling-element fatique, of
properl{ designed traction drive contacts are
virtually identical to those of ball or roller
bearings. Thus the methods used to determine
service life ratings of rolling bearings,
namely Lundberq-Paimgren Theory, should be
applicable to sizing traction drives, Lundberg
and Palm?ren (20) theorized that the proba-
bility of encountering a subsurface defect in
the material leading to fatique pitting was
statistically related to the contact stress,
the depth of the critical stress below the sur-
face and the volume of material being stressed.

In (22), a simplified version of this
fatigue-life theory was developed for traction
drive contacts and in (23) this method was used
to show the effects of torque, size, speed,
contact shape, traction coefficient and number
of multiple, parallel contacts on predicted
drive 1ife. These investigations show that
multiple, load-sharing contacts significantly
benefit torque capacity and drive life. Also,
torque capacity and drive 1ife are proportioned
to size to the 2.8 and 8.4 power, respectivel
as shown in Fig, 8, Figure 9 from (23) clenr{y
illustrates the importance that the oil's co-
efficient of trac*ion has on performance.

TRACTION FLUIDS - Because of the import-
ance that the coefficient of traction has on
the life, size, and performance of a traction
drive, considerable attention has been given to
1dent1f{1ng f1iids with high traction proper-
ties, starting in the late 50s with Lane's
experiments 324). Hewko (25) obtained traction
performance data which indicated that the
lubricant composition and surface topography
had the greatest overall effects on traction
and that naphthenic-based mineral oils gave
better performance than paraffinic oils,

Some of these early investigations lead to
the development of commercial traction fluids.

The research of (26) describes the development
of a formulated traction fluid, designated as
Sunoco Traction Drive Fluid-86. This fluid
evolved into Sun 0il's TDF-88, a commercial
traction fluid currently available on a limited
basis.

Hamman, et al (27) in examining some 26
test fluids identified several synthetic fluids
that had up to 50 percent higher coefficient of
traction, depending on test conditions, than
those reported for the best naphthenic base
oils. This research laid the ground work for
the development of Monsantc's family of commer-
cial traction fluids, Santotrac 30, 40, 50 and
M. These fluids are the most widely used
traction oils today. The results of accelerated
rolling contact fatique tests (28) indicated
that these synthetic traction fluids have good
fatique life performance, statistically com-
parable with the automatic transmission fluid
used in this experiment.

A recent addition to the commercial trac-
tion fluid market is that produced by the
Mitsubishi 0i} Co., Ltd. Their Diamond Traction
Fluid is offered in three viscosity grades and
is said to offer high traction coefficients,
qood wear and anti-oxidation properties,

It should be kept in mind that the use of
traction fluids is not mandatory, although
preferable, This is best j1lustrated by the
experiments of Gaggermeier (29) in which trac-
tion coefficients for 17 different lubricants
were measured on a twin-disk traction tester at
both high and low contact pressures and surface
speeds. The traction fluids in his tests showed
substantially higher coefficients of traction
than all of the commercial naphthenic mineral |
0ils tested. The greatest differences occur at '
relatively low pressures and high surface speeds
(Fig. 10). At relatively high pressures and
low speeds the traction fluids show less of an
advantage, Under such conditions a good qua-
1ity naphthenic mineral oi) would serve almost
as well. However, for most traction drive
applications there is considerable incentive to
using a traction fluid, with expected traction
improvements falling somewhere between the two
examples of Fig,. 10.

MATERIALS - Earlier traction drives were
not exploited to their full potontial because
of uncertainties regarding their longterm reli-
ability. The limited durability characteritics
of the materials used in these drives was a
major contributing factor. The substitution of
oil-lubricated, hardened steel roller compo-
nents in place of rubber or reinforced plastic
running dry against cast-iron parts raises
their load capacity by at least an order of
magnitude.

Because of the similarity in operating
conditions, hardened bearing steels are logical
choices for traction-drive rollers. Today's
bearing steels are of significantly higher
quality than the traditional atr-melted, AISI
52100 steels used in rolling-element bearings
since the 1920s. The introduction of vacuum .
remelting processes in the late 19508 has re-

Loewenthal, Anderson, and Rohn



sulted in more homogeneous steels with fewer
impurities and have extended ro!ling-element
bearing life several-fold. Life improvements
of eight times or more are not uncommon accord-
ing to (30). This reference recommends that a
1ife-improvement factor of six be applied to
Lundberg-Palmgren bearing 1ife calculations
when using modern vacuum-melted AISI 52100
steel. A similar life-improvement factor is
applicable to traction-drive life calculations.
This improvement in steel qualfty in combina-
tion with improvements in lubricant traction
performance have increased the torgue capacity
of traction drives several-fold.

PERFORMANCE PREDICTIONS - The distribution
of local traction forces in the contact of an
actual traction drive can be rather complicated
as illustrated in Fiyg. 11. This figure shows
the distributfon of local traction vectors in
the contact when longitudinal traction, mis-
alinement, and spin are present, These traction
forces will aline themselves with the local slip
velocities. In traction-drive contacts some
combination of tractions, misalinement, and
spin are always present., To determine the per-
formance of a traction-drive contact, the ele-
mental traction forces must be integrated over
the area of contact.

The power throughout the contact is deter-
mined from a summation of the traction force
components alined in the rolling direction
times their respective rolling velocities. It
is clear that in misalinement only a portion of
the traction force is generating useful trac-
tion and that the remainder is generating
useless side force, For pure spin no useful
traction is developed, since the elemental
traction forces cancel one another. Since the
contact power loss fs proportional to the pro-
duct of the elemental traction forces and slip
velocities, the presence of spin and misaline-
ment can significantly decrease the efficiency
of the contact. Furthermore, both conditions
Tower the available traction coefficient and
reduce the amount of torque that can be trans-
mitted safely. Designs that minimize spin and
side s1ip can be quite efficient, Contact effi-
ciency of 99 percent or higher are possible,

THEORY - In the 1960s and early 70s,
numerous papers were prcsented on the prediction
of traction in EHD contacts. Poon (31) and
Lingard (32) developed methods that integrated
the contact forces to predict the available
traction forces of a contact experiencing
spin. Poon's method utilized the basic trac-
tion data from a twin-disk machine together
with contact kinematics to predict the avail-
able traction. Lingard used a theoretical
approach in which the EHD f1ilm exhibited a
Newtonian viscous behavior at low shear rates
until a critical 1imiting shear stress was
reached. At this point the film yielded plas-
tically with increasing shear rate. This mode)
showed good correlation with experimental trac-
tion data from a toroidal, varfable-ratio drive
of the Perbury type. This same model was also
successfully used by Gaggermeier (29) in an
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unusually comprehensive investigation of the
losses and characteristics of traction drive
contacts. [n addition to copious amounts of
twin-disk traction data for numerous lubricants
under various combinations of slip, sideslip,
and spin, Gaggermeier (29) also investtigated
the sources of power losses of an Arter type
toroidal drive. His findings were that of the
total power losses, the joad-dependent bearing
and drive idling (no-load) losses were always
greater than the losses due to traction power
transfer. This result underscores the need to
pay close attention to these tare losses in
order to end up with a highly efficient trac-
tion drive.

A recent and comprehensive traction con-
tact model is that proposed by Johnson and
Tevaarwerk (33). Their model covers the full
range of viscous, elastic, and plastic behavior
of the EHD film, At higher pressures and
speeds, typ? -1 of traction-drive contacts, the
response of the lubricant film is linear and
elastic at low rates of strain. At sufficiently
high strain rates, the shear stress reaches
some 1imiting value and the film shears plasti-
cally as in the case of some of the earlier
analytical traction models.

In {39) Tevaarwerk presents graphical
solutfons developed from the Johnson and
Tevaarwerk elastic-plastic traction model.
These solutions are of practical value in the
design and optimization of traction-drive con-
tacts. By knowing the initial slope (shear
modulus) and the maximum traction coefficient
(1imiting shear stress) from a zero-spin/zero-
sideslip traction curve, the traction, creep,
spin torque, and contact power loss can be
found over a wide range of spin values and con-
tact geometries.

Figure 12 shows that this analysis com-
pares favorably with test data, taken from
experiments of Gaggermefer (29). The observed,
pronounced reduction in the available traction
coefficient with just a few degrees of mis-
alinement, underscores the need to maintain
accurate alinement of roller components in
traction drives.

FLUID TRACTION DATA - To be able to apply
the aforementioned traction drive, certain
fundamental fluid properties, namely, the
lubricant's shear modulus and limiting yfeld
shear stress, must first be known under the
reauired operating soeeds, pressures, and
temperatures. Because of the difficulty of
simulating the highly transient nature of an
actual traction contact, the most reliable
basic fluid property data have been tradi-
tionally deduced from the initial slope and
maximum traction coefficient of an experimental
traction curve. To obtain experimental trac-
tion data for design purposes, a NASA program
was conducted for both the Monsanto and Sun 01
traction fluids over a range of speeds, pres-
sures, temperatures, spin, and sideslip values
that might be encountered in traction drives
(35). regression analysis applied to the
data resulted in a correlation equation that
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can be used to predict the initial slope and
maximum traction coefficient at any interme-
diate operating condition (36).

RECENT DEVELOPMENTS

During the past 5 years, several traction
drives, which incorporate much of the latest
technoloqgy, have reached the prototype stage.
Laboratory tests and design amalysis of these
drives shows them to have relatively high-power
densities and, in some cases, to be ready for
commercialization.

NASVYTRAC DRIVE - Although light-duty
variable-ratio traction drives have been rea-
sonably successful from a commercial stand-
point, very few, if any, fixed-ratio types have
progressed past the prototype stage. This is
somewhat surprising in view of the outstanding
ability of traction drives to provide smooth,
quiet power transfer at extremely high or low
speeds with good efficiency. They seem par-
ticularly well suited for high-speed machine
tools, pump drives, and other turbomachinery.
In other industrial applications they offer
potential cost advantages because tracticn
rollers should not be much more expensive to
manufacture in guantity than ordinary rollers
in roller bearings.

In terms of earli~r work on fixed-ratio
traction drives, the cevelopmental effort at
General Motors Research Laboratories on their
planetary traction drive (as described by Hewko
(37)) was perhaps the most complete. Several
of these drives were built and tested, includ-
ing a 6-to-1 ratio, 373-kW unit for a torpedo
and a 3.5-to-1 ratio, 75-kW test drive, This
last drive extibited better efficiency and
lower noise than a comparable planetary gear
set (37).

Interest in fixed-ratio traction drives is
also high outside of the United States. Tests
were recently conducted in Japan on a planetary
traction drive of a construction similar to the
General Motors unit for use with a gas-turbine
auxilliary propulsion unit (AP!) system (38).
Planetary traction drives have also been
studied in Finland.

The traction drives described thus far
have a simple, single. row planet-roller format,
For drives like these the number of load
sharing planets is inversely related to the
speed ratio. For example, a four-planet drive
would have a maximum spead ratio of 6.8 before
the planets interfered. A five-planet drive
would be limited to a ratio of 4.8 and so on.

A remedy to the speed ratio and planet
number limitations of simple, single-row
planetary systems was devised by Nasvytis (39).
His drive s{stem used the sun and ring-roller
of the simple planetary traction drive, but re-
placed the single row of equal diameter planet-
rollers with two or more rows of “stepped” or
dual-dismeter planets, With this new "multi-
roller" arrangement, practical speed ratios of
250 to 1 could be obtained in a single stage
with three planet rows. Furthermore, the number

of planets carrying the load in parallel could
be qreatly increased for a given ratio., This
resulted in a significant reduction in individ-
ual roller contact loading with a corresponding
improvement in torque capacity and fatigue life.

In (39) Nasvytis reports the test results
for several versions of his multiroller drive.
The first drive tested was a 373-kW {500-hp) '
torpedo drive of three-planet row construction
with a reduction ratio of 48,2 and an input
speed of 53 000 rpm, The outside diameter of
the drive itself was 43 c¢cm (17 in) and it
weighed just 93C N (210 b) including its
lightweight magnesium housing. It demonstrated
a mechanical efficiency above 95 percent. To
investigate ultrahigh-speed operation, Nasvytis
tested a 3.7-kW (5-hp), three-iow, 120-to-1
ratio speed increaser. The drive was preloaded
and operated without torgue at 480 000 rpm for
15 min and ran for 43 consecutive hours at
360 000 rpm without lubrication but with air
cooling. Two back-to-back drives were operated
for 180 hr at speeds varying from 1000 to .
120 000 rpm and back to 1000 rpm. They tran- )
smitted between 1.5 and 2,2 kW (2 and 3 hp),

Another 3,7-kW (5-hp), three-row speed in-
creaser, with a speed ratio of 50, was tested
for more than 5 hr at the full rated speed of
150 000 rpm with oil-mist lubrication and air
coolingy, It successfully transmitted 3.7 kW
(5 hp) at 86 percent efficiency (39).

The basic geometry of the Nasvytis trac-
tion (Nasyvtrac} drive is shown in Fig. 13.

Two rows of stepped planet-rollers are con-
tained between the concentric, high-speed sun
roller and low-speed ring rollers, [n the
drive shown the planet rollers do not orbit but
are grounded to the case through relatively
low-speed and lightly loaded reaction bearings
that are contained in the outer planet row
only., The high-speed sun-roller and other
planet bearings have been eliminated. The sun-
roller and first row rollers float freely in '
three-point contact with adjacent rollers for
location. Because of this floating roller con-
struction, an excellent force balance situation
exists even with thermal or mechanical housing
distortion or with slight mismatches in roller
dimensions,

Based on the inherent qualities of the ;
Nasvytrac drive, a NASA program was initiated ‘
(40) to parametrically test two versions of the
drive., These drives of nominally l4-to-1 ratic
were tested at speeds to 73 000 rpm and power
Tevels to 180 kW, Parametric tests were also
conducted with the Nasvytis drive retrofitted :
to an automotive gas-turbine engine, The -
drives exhibited good performance, with a
nominal peak efficiency of 94 to 96 percent and
a maximum speed loss due to creep of approxi-
mately 3.5 percent. The drive package size of
approximately 25 cm in diameter by 11 cm in ;
width (excluding shafting) and tota) weight of "
about 26 kg (58 1b) makes the Nasvytrac drive, :
with a rated mean Yife of about 12 000 hr at
75 kW and 75 000 rpm, size competitive with the
best commercial gear drive systems (23).
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TURROPIIMP DRIVE A 70 000 rpm, 10.R-to-1-
reduct fon-ratio Nasvvtrac drive weighing just
4 kq was designed and duflt for a Tong-life,
rocket -enqine pump drive svstem to drive the
Tow-speed 1iamrd-oxvgen and Niguid-hvdrogen
boost pumps (41), Fither an auxillary turbine
ar a gear drive off the main pump can be used,
Use of an auxtllary turhine complicates the
design, while qear drives were not well <uited
for this application decause they wore badly in
a matter of 20 min or <o in thic hostile cryo-
Qenic environmert, Thig fell far short of the
10-hr life requirement envicioned for future,
reuseable rocket engines, The ralatively low
<liding characteristics of the Nasvytrac drive,
coupled with it< demonctrated ability to run
for long pertods of time unlubricated, make ft
an excellent candidate for thic application,
Preliminary tests an this drive in liqutd
oxygen, including tests in which the drive was
repeatedly accelerated under full power (15 kW)
to 70 000 rpm in R-gec intervals, showed 1t to
perform satisfactorily (41), Cumulative
operating timee up to an hour have been re-
corded. Future work is needed to realize the
10-hr 1ife qoal, but the potential of this
transmission for thi< application has heen
clearly demonstrated,

RYRRIN TRANSMISSION - Current work with
variations of the iasvytis traction-drive con-
cept are underway at NASA, A recently fabri-
cated, IN-kN (S00-hp) helicopter main rotor
transmissicn combines the best features of
qears with traction rollers (47), This experi-
mental “hybrid” transmission, which offers
potential cost, noise, and relfability bane-
fits, is currently under test (Fiq, 141, This
transmission carries S8 percent more power in a
test package that ts only 22 percent heavier
than the production OM-SR helicopter gear box
it simulates, In a high ratio version, to de
tested shortly, the hybrid transmission reduces
the engine's power turbine shaft speed of
36 000 rpm down to the rotor speed of 347 rpm
in a sinqle hybrid stage plus a devel qear mesh,
This permits the elimination of the nose geardox
on the engine. The net result is a predicted
68 percent increase in system power-to-weight
ratio. A 300 percent or greater increase in
reltability ts also expected based on traction
roller fatigue 1ife estimates,

The denefits of this transmission are
attridbuted to the hybrid's unigue geometrical
configuration, Gear pinfons are affixed to the
ends of rollers in the outer row. The pinions,
in turn, mesh with a collector ring gear (or
bull gear) which is normally attached to the
low speed cutput or rofor shaft in this case,
The hNigh torque capacity of the drive per unit
weight ‘2 due, in part, to the high number
parallel load paths in the final mesh, Another
contriduting factor is the large reduction
ratio, on the order of 10-to-1, achieved across
the final mesh which enables the high speed
traction roller section to carry relatively
tmal) toreue loads.

An additional benefit of inteqrating gears
with traction rollers is the ability of the
rollers to equalize the load sharing between
the gear pinfons through traction "Creep",
(reep i< the small diffarence in velocity, qen-
erally less th-t (0,5 percent, hetween the sur-
face< of the driver and driven rollers due to
toraue transfer, In the hybrid drive, {f one
of the pinfons {s carrying more load than the
others then the roller to which it s attached
will experience a slightly higher creep rate,
allowing the load to equalize., Thus, the trac-
tion rollers perform an important secondary
funciion as a torque splitting mechanism, The
cimyltaneous combination of high ratro, high
number of redundant load paths and a high
degree of load sharing in the final qear mes’
fs an important feature of the hydrid concept
not shared by conventional epicyclic gearing.

ADVANCED APPLICATIONS ~ Work is now under-
way on hyhrid and pure-traction Nasvytis drives
for several advanced applications: one such
apolication is for wind turbines where a low-
cost but highly reltable speed increase is
needed to drive the high-speed alternator.
Also, tests are now heing conducted on a 160 hp
infinitely variable ratio Nasvytis drive, dut
the performance data has not yet been finalized.
Another promising area of investiqation for
traction drives is as servo-control, posittoning
mechanisms, such as those used tn robotics and
tn various manufacturing operations, Potential
benefits include zero backlash, low torque
ripple, high torsional stiffness, adbility to
run dry {no ludrication system), high reduction
ratio in single stage and compact size, Space
application of traction mechanism is also under
vonsideration, These are a few of the areas
where basic technology is being sought.

PROMISING VARIABLE SPEEN DRIVES - Taking
advant age of the latest technology, several
designers have attempted to develoo traction
CVT's for automotive use. The potential of
fmproving the city fuel nﬂugo 20 to 25 per-
cent, or more, of cars normally equipped with
threeor four-speed automatic transmissions (43)
or of doubling the fue! mileage in the case of
flywhee) equipped cars 44) has been the or
incentive for the resurgence in automotive (VT
research and development. These applications
represent a significant challenge, since com-
pactness, effictency, cost, and reltability are
all at a premtum,

Perdbury CVT - One such automotive effort
is tha ng conducted by 8L Technology, Ltd.,
formerly British Leyland, on 3 hnuri. double-
cavity toroical drive, nis concept s rather
old and well-explored, as mentioned earltier,
Maving been investigated by the General Motors
Research Laboratory in the early 303 and late
$0s, demonstrated in a 1934 Austin-Nayes, later
1n a 1957 Hiliman-Minx, and also in a 1973 Ford
Pinto but with offset rollers,

In 1977 Lucas Aerospace in Englond adapted
the Perbury drive for maintatining constant fre-
quency of the AC generators on the Stdley
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Hawker Harrier, a VSTOL jet fighter. This
single cavity, toroidal drive Is suitadble for
driving aircraft qenerators having output
ratings up to 30 kVA, More than 0 vears
before this, Avco Lycoming, in the U, %, also
offered a line of mechanica) constant_speed
drives based on the torotdal traction-drive
principle. They were used on several aircraft
tn the S0s, including the Douqlas A-4F fighter,
but have long since been discontinued,

In the case of the Leyland-Perbury automo-
tive CVT (Fiq. 15), the double-toroidal drive
cavities have six tiltable transfer rollers be-
tween fnput and output toroids. A hydraulically
controlled VYinkage system can tilt these rollers
from one extreme position to another., By com-
bining this toroidal drive with a two-range,
outout planetary gear system, the overall
transmission ratio range i< qreatly expanded.

The BL/Perbury transmission was installed
in a medium size test car having a four-
cylinder, 60-kN enqine, The test car showed
fuel mileage improvement of 15 to 20 percent
for an average mix of European driving (45).
Also, acceleration times were comparahble with a
manual transmission car driven by a skilled
driver having a 10 percent higher power to
weight ratic. However, the future production
picture for this transmission is not clear,

Vadatec (VT - A promising traction CVT
that Ts af a rather new vintaqe is the nutating
drive being developed by Vadetec Corp. (46).

As shown in Fiq. 16, a double-conical-roller
assembly, complete with an automatic loading
mechanism, ts mounted at an anqle in a drive
cylinder that i< driven by the input shaft., As
the input shaft rotates, the double-cones per-
form a nutating motion and at the same time are
forced to rotate about their own axis as they
make drive contact with a pair of moveable con-
trol rings. These rings are qrounded to the
housing but can be axially moved together or
apart. A gear pinion attached to the end of
the cone shaft meshes with the output ring ?elr.
By varying the axial position of the contro
rings, the rolling radius of the cones can be
synchronously changed., This, in turn, causes a
change in rotational speed of the cone shaft
pinion and hence varies the transmissions out-
put speed. A couple f Vadatec CVT's have
already been built and tested. One of these
prototypes has shown successful operation as
part of a tractor drive train, Although this
transmission 1s stil] in the development and
acceptance stage, it is a good example of the
new breed of traction drive.

Other Traction CVT's - In addition to the
aforement Toned activities, their are a number
of additional traction CVT developments that
have been rted on recently. These include
the Fafnir planctary, cone ro{lor type CVT,
directed toward the modile squipment market uwp
to about 37-kW (50-hp) (47); the Ay Research
dua’ cavity toroidal drive (48); and the Bales
MeCoin cone-roller CVT (48). These last two
transmissions were carried to 3 preliminery
design stage under a MASA contract for DOE to

develop CVT's for use in advanced electric
vehicles (48).

CONCLUDING REMARKS

The evolution of traction-drive technology
has been traced over the past 100 years. Some
of the more prominent events in the development
of traction drives appears in Table |. This
Tist is by no means intended to be comprehensive
but, rather, to qive the reader some apprecia-
tion of the scope of activities leading to
traction drives of today.

The earliest of traction drives, con-
structed of wood, leather, or fiber-covered
disks running in dry contact, found first use
in factory equipment befove the turn of the
century. The ability of traction drives to
smoothly and efficiently vary speed made them
natural choices as main transmissions for
several early vintage cars, such as those pro-
duced by Cartercar, Sears, Lambert, and Metz.
Apparently, durability problems with the soft-
material-covered disks used in these drives
foreshortened their commercial success. In
the 1920s traction drives equipped with oil-
lubricated, hardened, steel rollers started to
appear. These drives had much greater power
capacity, and by the 1930s several industi ial
adjustable speed traction drives were being
marketed both here and in Europe. About this
time, there were several projects to develop
toroidal traction car transmissions, notadly
the Hayes and later, the Perbury efforts in
Enqiand and the General Motors' work in the
United States. In the 19405 modern lubricattion
and fatique theories for rolling-contact ele-
ments were developed, and these were later
adapted to the design of traction drives. In
the 1950s work began on identifying fluids with
high traction properties and experiments on how
these fluids actually behaved within the trac-
tion contact. A basic understanding was also
obtained on how the fluid film within the con-
tact was compressed into a thin, stiff, tena-
clous solid-11ke film across which considerable
torque transfer could safely occur. By the end
of the 1960s, high-gquality bearing steels and
traction fluids were commercially avatladle.
The power capacity of traction drives using the
new steels and fluids virtually tripled. n?n
the 1970s improved traction models and 'ctlguc-
Vife prediction methods were developed. This
a1l led to the development uf a new ation
of traction drives ~- drives with g bright
potential role to play in the power trans-
mission industry.

In 1980 the Power Transmission and Gearing
Committee of ASME took a major step in re-
co?nlxing tho.:otontiul viability of traction
drives by establishing a subcommittes to follow
the developments in the technology for these
transmissions. A primary function of this sub-
committee s to assist in the dissemination of
technology related to traction drives and to
foster their potential use in industry.
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In conclusion, field experience has been
gathered by industrial traction-drive manu-
facturers, some of whom have been making trac-
tion drives for more than 40 years. However,
traction-drive technology is relatively young.
The latest generation of traction drives has
reached a high level of technical readiness.
As these drives find their way into industrial
service and as work continues in the labora-
tories, further improvements and increased
usage of these drives can be expected.
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Table I. - Limited Chronology of Traction Drive Developments
Date
1870 Wooden friction drives used on wood-working machi.ery
1877 Hunt toroidal friction drive patented
1906 Friction drive equipped Cartercar introduced
1921 Automatic contact loading mechanism patented dy Erban in Germany
1923 011 lubricated, Arter industrial drive marketed in Switzerland
1926 Carter analyses creep between locomotive wheel and rail
1928 - 1933 Genera) Motors Research Labs, road tests toric traction transmission
1935 Austin Motor Company offers Hayes Self-Selector toroidai transmission on Austin Sixteen
1939 EHD lubrication theory advanced by Ertel and, later, Grubin
1947 Lundber? and Palmgren develop fatigue theory for rolling elements
1949 Kopp Ball Variator commercially introduced in Switzerland
1951 Clark, et al,, theorize ofl solidifies in END contact
1955 - 1962 Braunschweig University experiments on traction contact phenomena in Germany
1955 Vacuum-melted bearing steels introduced
1957 Lane's experiments to identify high traction oils in England
1962 - 1968 Hewko's investigations into tract contact performance
1965 Nasvytis devises fixed-ratio, multiroller planetary drive
1968 Monsanto and Sun 011 introduce commercial traction fluids
1976 Coy, et al., apply Lundberg-Palimgren uu?u. 1ife theory to traction drive contacts
1978 Johnson and Tevaarwerk traction model applied to the design of traction drives
1980 ASME estadlishes traction drive committee

Loewenthal, Anderson, and Rohn
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Figure 2. - 1899 Hoffman toroldal friction drive for beit-driven machinery
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Figure 3. - An early advertisement for a friction-drive car (ref, 9).

Figure 4 - General Motors Toric transmission (ca, 1928),
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EFFECT OF TRACTION COEFFICIENT ON
TRACTION DRIVE LIFE, DIAMETER

AND TORQUE CAPACITY
11—
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Figure 9, - Relative life, diameter, and torque
capacity versus applied traction coefficient (ref, 23),
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Figure 10. - Traction characteristics of a traction fluid compared with
mineral oils (ref, 29),
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Figure 11, - Effect of misalinement and spin on contact traction force vectors,
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Figure 12. -~ Comparison of Johnson and Tevaarwerk analysis (ref, 48) with
Gagger meir test data (ref, 29),




ORIGINAL PAGE (S
OF POOR QUALITY

*UOISSIWSUR} J9}002113Y PILIGAY dH 005 - ¥1 3.nbi4

Eﬂ

\ ...L
AALID 158} (JRJMAASEN) UOI)IRI) SIBAASEN 3Y) jo A1PW 03 - N m.w:wc




ORICINAT v 0 ¢ 13
OF POUR QUALITY

2-80-4070

Fiqure 15, Bi Technoloqy/Perbury traction CVT, 60 kw passenger ¢ar test
installation iref, 9,
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. Figure 16, - Vadetec nutating traction CVT. (Courtesy of Vadetec Corp,, Troy,
! . Michigan, )




